A T=O two-nucleon potential is found which, when combined with the T= 1 potential reported previously, can reproduce all experimental neutron-proton data below 300 Mev. The triplet even parity potential is not strictly energy independent. The required energy dependence is, however, very small and confined in the core region. In the triplet even parity state, it is found that both linear and quadratic LS potentials are required. The linear LS potential is weak and repulsive. The quadratic LS potential is here stronger than that required in the T=1 state and it is attractive. The singlet odd parity potential is slightly more repulsive than that of the one-pion-exchange potential. We conclude that all two-nucleon data up to 300 Mev can be understood in terms of a potential picture which is consistent with the current implications of the pion theory of nuclear forces. § I. Introduction
§ I. Introduction
In a previous paper 1 > we have reported on a T = 1 (T = isospin of the twonucleon system) potential which reproduces all available p-p data up to 310 Mev. We have been led to the conclusion that the p-p scattering in the non-relativistic region can be understood in terms of an energy independent potential which is not in consistent with the pion theory of nuclear forces. In the present paper we report on the result of the investigation into the corresponding situation in the n-p system below 300 Mev.
On the basis of the charge independence of nuclear forces, the T=1 (singlet even and triplet odd parity) potentials are taken over from I. We are then concerned in the present paper with the T=O (triplet even and singlet odd parity) potentials of the form 
and (2) m the same notations as in I.
The potentials of the form (1) and (2) with VQ==O have been applied to the n-p scattering by Gammel- To be consistent with I we assume the following forms for Vi in (I) and (2) :
triplet even:
av& Cx) =-(g that this condition is indeed required from the deuteron data. 8 l As we shall see in § 2 the deuteron data and the behaviour of the triplet D-wave phase shifts combined give some insight into other parameters in (3) . Parameters in ( 4) will be determined purely phenomenologically.
The av~ilable experimental data on the n-p scattering are very much less in number and poorer in accuracy than those on the p-p scattering. _Consequently, there exists no n-p counter-part of the extensive phase shift analysis of MacGregor et al., 9 ) which provided, a_ very convenient starting point of the wl;ole work in I.
Because of this situation the determination of the T = 0 potential is consider<;1bly more ambiguous and we can hardly claim the quantitative uniqueness of the pote~tial described below. It is-nevertheless signifi-cant that we have been able to find an approximately (see below) energy independent potential which reproduc~s the experimental data reasonably well--over the whole energy range, and that the potential agrees with the pion theoretical implications. Another more practical difficulty encountered in the actual attempt to fit the data is the following. Once radius 3 x 0 + is uniquely determined by fitting the deuteron binding energy. Thus the, potential (3) is less flexible than the triplet odd parity potential considered in I a~ far as the scattering is concerned. Such an· inflexibility of the potential in the core region does affect the result since here we have to deal with the triplet S-wave which feels the inner-most interaction. Because of . this situation we had to introduce an energy dependent hard core radius in (3) in order to attain satisfactory fit over the whole energy range. We do not consider this a serious difficulty since it concerns the region where the potential picture itself is likely to lose its significance. Rather, we feel that it is remarkable that the required energy dependence is so small. § 2. Non-static forces in the triplet even parity state
In I the non-static potentials, particularly 3 V£8, have been determined mainly by studying the triplet P-wave phase shifts at 310 Mev. Although there exists no available phase shift solution for the T=O state, the study of the triplet D-wave phase shifts at 300 Mev, combined with the deuteron problem, can give useful information on the non-static forces in (1) .
Before going into any detail, we point out the following situation. The first partial wave affected by the LS potential in the triplet even parity state is the D-wave, the impact parameter of which being about 0.9 at 300 Mev. Hence, it is at once clear that the V Ls in the T = 0 state is not so important as in the T = 1 state where the P-wave is the first partial wave affected by the V Ls· There may be a strong 3 VL;s. at small x but its effect is small as far as the n-p system below 300 Mev is concerned.* As we shall see later, this statement holds for the deuteron problem as well. Then we expect that the long ranged V Q may play an important role in the T = 0 state.** GT's failure to find an energy independent potential to fit the n-p. data up to 300 Mev is most likely due to this situation. The Bryan type potential, 4 ) which does not include the VQ, is also likely to meet the same difficulty if applied to the n-p scattering.
We now consider the triplet D-wave phase shifts in conjunction with the experimental n-p total cross section at 300 Mev, 35 mb.
14 ) ** The introduction of 3VQ" has been suggested by FeshbachiOl in connection with the apparent difficulty concerning the LS interaction moment in the deuteron ground state.I 1 l Notice also that the argument developed here supersedes the one given in reference 7).
In the same notations as in I, define
where jL is the spherical Bessel function of order L. Then in the Born approximation* (see Eqs. (7) and (8) 
close to that of the OPEP for x~ 1 in order to reproduce the correct deuteron data. Such a potential gives the a CD2) of at least about 0.8 at 300 Mev making the total cross section too large. It is clear from (6) that the large a CSD2) is due to the strong negative OPEP type 3 V T +. It appears, on the other hand, that the same phase shift should be at most about 0.5 to be consistent with the observed total cross section.
)
Since the (6) ], we can indeed expect that the 3 VQ + will be quite effective in this respect.
Let us now turn to the aCD3). The static potentials adjusted to fit the deuteron data predict aCD 3 ) of at most 0.2 at 300 Mev. From (7) it is seen that the same negative 3 VQ + introduced in order to reduce the acsn2) will inevitably increase the a ( 3 D 3 ) making the total cross section higher. The increase should, however, be slightly less in magnitude than the decrease in aCSD 2 ). Further, from (6) and (7) ) have derived the non-static OPEP which may. be regarded exact except in the core region. According to them the non-static OPEP contains the term where upper (lower) sign corresponds to the case of the ps (pv) coupling. The 1 VQ + found in I has been shown to be consistent with the pv coupling.
),ls)
It is interesting to note that the required large reduction in acsn2) at high energies can also be attributed to (8) if the coupling is pseudovector.
The difference between 012 and L12= (o-1 ·o-2)L 2 -Q12 is trivial in the singlet state. In the triplet state, however, the choice of L 12 in place of Q 12 can make * The Born approximation suffices for our qualitative argument developed here. 3 VQ +, (6) and (7) The code has since been extended to include both VLs and VQ, and at present we have tabulated results for some 100 combinations of parameters appearing in (3). In Table I we show several of them. In Table I , the potential 0 is the pure OPEP with g 2 / 47t=0.08. The entries 1, 2, 3 and 4 show effects of individual forces on the deuteron properties. As expected the non-static forces are not very important. The potential 5 with a slightly energy dependent hard core radius will be shown in § 4 to be capable of reproducing the n-p data below 300 Mev. We have plotted this potential in Fig. 1 . The deuteron wave function is shown in Table II . The potential 6 is an example with a negative and (11) in' the unit of pion mass. The dashed curves represent OPEP with g 2 /4n=0.08. Singlet odd parity potential defined by (4) and (12) in the unit of pion mass. The dashed curve represents the OPEP with g 2 /4n=0.08. The D-state probability of 9.9% resulting from the potential 5 of Table I This quantity is independent of the '~inglet scattering so that we are not disturbed by ambiguities in the singlet odd parity potential to start with. The triplet odd parity potential is of course taken over from I.
We have tried some 50 triplet even JP(mb/ster) 2 -1
Fig. 3. l(B)P(B)
at 300 Mev calculated from potentials given in Table I (T=l phase shifts are taken from I).
parity potentials consistent with the deuteron data. We have insisted that the 3 V j; be close to that of OPEP at x~ 1. Following the, observations made in § 2, the 3 V~ was chosen to be negative in all of them. About one third of the potentials had a negative 3 
Vts.
First of all we found that the qualitative features of IP at 300 Mev, i. e., a maximum at about 30°, passing 0 near 80° and reaching a m1mmum at about 120°, can be reproduced without any difficulty. , .,In fact all tried triplet even parity potentials, combined with the triplet odd. parity potential found in I, did reproduce these qualitative features. In particular, the fit at 0 > 90° was found quite satisfactory for most of the potentials tested.
In Fig. 3 the curves numbered as 4, 5 and 6 are calculated from the correspondingly numbered poten-tials in Table I . The most serious discrepancy with the data is seen to be in the maximum value of IP near 30°. For the pure OPEP, the potential 0 of Table I , the value becomes as high as 3.8 mb, which is more than twice the experimental value. Both aen2) and aeDa) had to be made as small as possible to reduce IP(30°). The potential 5 of Table I is the best in this respect but IP(30°) is still too high. Also for this potential IP becomes negative at too large an angle.
Experience has shown that the latter situation is due to too large a(BS 1 ).
At this point we have given up the idea of a strictly energy independent fit as mentioned in § 1. In order to reduce the a ( 3 S 1 ) at 300 Mev we considered a slightly energy dependent hard core radius in the potential 5 of Table I . The curve 5' of Fig. 3 is calculated from the potential 5 but with 3 x 0 + =0.300 instead of 0.275 as required for the correct deuteron binding. This small increase in the hard core radius has very little effect on the phase shifts other than a ( 3 S1), a CS D 1 ) and € 1 .* Yet, we notice a marked improvement in the fit at o~goo and at the same time at 0~30°. Further increase in 3 x 0 + and consequently further reduction in a( 3 S 1 ) make IP negative at too small an angle. This feature may be seen in GT who give aCSS 1 ) = -0.258 (the curve marked as GT in Fig. 3 ).
Having thus decided on the potential 5 of Table I with an energy dependent hard core radius, we proceeded to fit I and P separately at 300 Mev, and also other n-p data at lower energies. We simply quote the results.
Triplet even:
Singlet odd : Table IV . Singlet odd parity phase shifts calculated from the potential defined by (4) and (12) . Entries are nuclear Blatt-Biedenharn phase shifts in radians. some energy dependence must be introduced in the triplet even parity potential. The energy dependence must be such thatreduces J( 3 S1) at high energies. Admittedly our calculations are rather limited. We believe, nevertheless, that this conclusion is independent of the detailed potential forms. It is an interesting question whether this effect can be accounted for by the non-static forces other than (8) .
12 )
The final remark concerns the parameter D. The measurement of this parameter in the p-p scattering at 150 Mev has been of decisive importance particularly in the determination of VLS in the triplet odd parity state.
)
In the n-p scattering, however, D is insensitive to the triplet even parity potential. Even at 300 Mev most potentials we have tried in the present work predict very similar angular depend· Tables III and  IV. T=1 phase shifts are taken from I.
in Fig. 7 . It is also slowly varying function of energy (see Fig. 7 ). Thus the measurement of D in the n-p scattering is not likely to provide very useful information regarding nuclear forces in the triplet even parity state. § 5. Conclusions
We.·have shown that the T=O two-nucleon potential defined py (3); 0 {4)~r (ll) and (12) can reproduce the experimental n~p data below 300 Mev reasonably. well when combined with the T = 1 potential found in I. The triplet e\ren parity potential is not strictly :energy independent. · The required energy dependence is, however, very small and confined iri~ the core region. This may be an .ind{9p.tion for the non-static potentials of other' types than those considered in the ptesent work. ... . One · of the important findings in recent development of the pion theory of nuclear. forc~es is that the non-static part of the potential ~s li¥--~ly to d~pe8d on the type of pion-nucleon coupling/ 2 >' 19 > pseudoscalar or pseudovector. ,Our conclusion on the non-static effect in the singlet even parity state drawn in I has already proved to be useful in the attempt to distinguish between the two, ~cou plings.12> The suppression of the 3 D~ phase shift at high energies, yvhich we found necessary to account for the small totaL cross section at 300 Mev, is also suggestive in this respect as discussed in § 2. Obviously, however, such an important question as the type of pion-nucleon coupling· requires further works·. In partic1,1lar, the non-static potentials of , the type 9tl?-er . th'Pl ·those considered 1~ the present work have to be studied. We also note that our choice . of Q12 irt place of the pion theoretical Ll2' [see § 2] makes our cohelusibn on the 3 VL:S inconclusive when it comes to the comparison with the pion theory.
Combining our findings in the present paper with those of I, we conclud~ that there exists a potential picture which is compatible with all experimental two-nucleon data below 300 Mev, and that the potential is not inconsistent with the current pion theoretical implications. Our results on the non-static potentials in I and the present paper are incomplete in many ways. They are nevertheless highly suggestive in several respects and certainly justify further careful investigations into this subject.
